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SUMMARY 

There are reports In the literature of wide variations in the resis- 
tivity of Intercalated graphite fibers. To use these materials for electrical 
applications, their bulk properties must be established. The homogeneity of 
the diameter, the resistivity, and the mass density of 50 graphite fibers, 
before and after bromine Intercalation was measured. Upon Intercalation 
the diameter was found to expand by about 5 percent (from 9.14±0.68 pm to 
9.52+0.79 pm), the resistivity to decrease by a factor of five (from 
253±16 pG-cm to 52.0±5.3 pG-cm), and the density to Increase by about 
6 percent (from 1.99±0.13 g/cm 3 to 2.10+0.10 g/cm 3 ). Additionally, each 
Individual fiber was found to have uniform diameter (±1.4 percent) and resis- 
tivity (+5 percent) over macroscopic regions for lengths as long as 7 cm. The 
ratio of pristine to Intercalated resistivity Increased as the pristine fiber 
diameter Increased at a rate of 0.16 pm -1 , but decreased with Increasing 
ratio of Intercalated diameter to pristine diameter at a rate of 0.08. 


INTRODUCTION 

Intercalated graphite fibers are becoming ever more attractive for prac- 
tical application within the aerospace community. The first applications will 
probably Involve the use of conductive composites for electro-magnetic Inter- 
ference shielding, ground busses, and Improved lightning-strike resistant air- 
craft structures. One of the major technological hurdles, stability under a 
variety of environmental conditions, appears to have been overcome for bromine 
Intercalated P-100 fibers (ref. 1). 

This paper addresses another technological question, the degree of homo- 
geneity of Intercalated graphite fibers. There are many applications where 
the homogeneity of Intercalated graphite fibers Is of major Importance. If, 
for Instance, there Is a section of an electrical grounding bus or power cable 
that has a significantly higher resistance than the average there will be local 
heating which could damage other components. Also, the power requirements for 
a circuit would vary from Installation to Installation presenting difficult 
design and replacement requirements. 

Most of the experimental research on the Intercalation of graphite fibers 
has been performed with single fibers. While this Is a useful approach for 
characterizing the fibers, In actual applications they will be used as bulk 
materials. Wide variations have been reported In the properties of single 
graphite fibers even within the same experiments (see, for example refs. 2 
to 5). It was thus thought useful to look at a single type of fiber, and to 
quantify the distribution of Its properties, before and after Intercalation. 

If sources of Inhomogeneity could be Identified, then processing steps might 
be modified to minimize them. 


A systematic study was carried out on 50 fibers. The diameter, elec- 
trical resistivity, and mass density of Individual fibers were measured before 
and after Intercalation, and the results were compared, and correlated. The 
resistivity and diameter along macroscopic lengths of the fiber were also 
measured. 


METHODS AND MATERIALS 

Pitch based Union Carbide P-100 fibers were chosen for this study for 
several reasons. First, they are commercially available and possess attrac- 
tive mechanical and electrical properties (ref. 6). Second, they are as uni- 
form In diameter as present graphite fiber technology allows, and are available 
In arbitrary lengths because they are an extruded fiber. Further, the c e fibers 
have been shown to be a stable host for bromine Intercalation compounds (ref. 1). 

Before the fibers were Intercalated they were first heated to 350 °C In 
air for 24 hr to remove the polyvinyl alcohol sizing which Is added during 
their manufacture. Then the fibers were sealed In a quartz tube with a bro- 
mine reservoir, and allowed to react In room temperature by the vapor phase 
transport of bromine In the presence of air for about 24 hr. Our studies show 
that the reaction goes to completion In about 4 hr. 

Individual fibers approximately 3 cm long were mounted on sample holders 
which contained four-point contacts. These were fabricated , ror. microscope 
slides with contacts made from colloidal carbon paint. The fibers were also 
attached with carbon paint. Approximately 1 cm was broken off of the ends for 
the density and diameter determinations. The resistance measurements were 
made by using a Kelthley model 225 constant current source which supplied a 
constant dc current along the fiber through the outer contacts, while a 
Kelthley model 181 nanovoltmeter measured the voltage drop between the Inner 
contacts. The polarity of the current was then reversed and the voltage again 
measured. The absolute values of the two voltage readings were the averaged 
to negate electrochemical and thermoelectric effects. Although studies showed 
the resistance of the fibers to be ohmic, all samples were measured with a 
current of 100 pA. Voltages were measured to the nearest 0.01 mV (about 
0.2 percent). The fiber lengths were measured to the nearest 0.1 mm using a 
reticule within a Bausch and Lomb microscope. By using fibers approximately 
1 cm In length, the error In the length measurement was reduced to about 
1 percent. 

Fiber diameters were measured by attaching the fibers to scanning elec- 
tron microscope sample holders using silver paint contacts at either end of 
the fiber. Polaroid photographs of the center section of the fibers at 3000 
and 5000x were measured with vernier calipers, and compared to Polaroid 
photographs of a silicon calibration chip (Structure Probe, Inc.) made up of 
10 pm squares which was also magnified 3000 and 5000x. Using this procedure 
It was found that the magnification of the electron microscope drifted from 
one session to the next. The magnification was also found to be a function of 
angle. The maximum and minimum true magnification and the nominal magnifica- 
tion Is shown In table I. When the variation In magnification and angle were 
corrected for, 0.1 pm diameter differences were readily dlscernable. 
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The resistance per unit length of P-100 fibers from 5 to 10 cm long was 
measured by the following procedure. Fibers were mounted on microscope slides 
with carbon paint contacts painted on about every 5 mm along the length of the 
fiber. Current was applied down the length of the fiber, and the voltage was 
measured at each 5 mm Interval. These fibers were then Intercalated with bro- 
mine and the measurements repeated. 

Density measurements were made using a calibrated density gradient column 
made from carbon tetrachloride and bromoform. There was some concern that the 
bromine might be drawn out of the fibers and dissolve In the density gradient 
medium. As a test, six bromine Intercalated fibers were soaked In a 50 percent 
bromoform In carbon tetrachloride solution and their resistance was checked 
periodically. After 6 days the resistance of the fibers was unchanged. It 
was concluded that the density gradient solution did not remove significant 
amounts of bromine from the fibers, at least within the time scale (a ! *w 
hours) of the density measuring experiment. 


RESULTS AND DISCUSSION 

The distribution of the diameters of pristine and bromine Intercalated 
fiber Is shown In figure 1. The mean pristine fiber diameter was 9.14 ym and 
the standard deviation of the distribution of pristine fiber diameters was 
0.68 ym (henceforth reported as 9.14+0.68 ym) . The mean diameter of the bro- 
mine Intercalated fibers was 9.52±0.79 ym. Thub the expansion brought about 
by bromine Intercalation, while not large, was much larger than the resolution 
of the measurement (about 0.1 ym) . As figure 2 shows, every fiber expanded by 
a measurable amount. The mein expansion for the fibers was 5±3 percent for 
the 34 fibers for which relable data could be measured. Ignoring negllgable 
expansion In the fiber length (the "a" direction) Implies a volume Increase of 
about 10 peicent. 

The distributions of resistivities of the pristine and Intercalated fibers 
are shown In figure 3. The mean resistivity for 32 pristine fibers was 253±20 
yfi-cm. This Is In excellent agreement with the 250 yfi-cm resistivity reported 
by Union Carbide In their specifications (ref. 6). The standard deviation of 
the distribution of fiber resistivities was again considerably larger than the 
error In the measurement (about 2 percent). The mean resistivity of the bro- 
mine Intercalated fibers was 52.0±5.2 yQ-cm. This Implies a mean resistivity 
ratio (pristine fiber resistivity/bromine Intercalated fiber resistivity) of 
4.87±0.32. It should be noted that the corrections In the electron microscope 
magnification, and hence In the diameter measurements, resulted In more homo- 
genlous resistivity values. Figure 4 shows that fibers whose pristine resls- 
tlvles are lower, give rise to Intercalated fibers whose resistivities are 
lower, as might be expected. 

It has been shown that graphite with more crystalline order will have 
lower resistivity (ref. 7), and will Intercalate more easily and to a higher 
concentration (ref. 8). Thus, If their are macroscopic regions along the fiber 
with higher crystalline order, the resistivity of the fiber will vary along 
the length. Because Intercalation of those regions with higher crystalline 
order results In higher Intercalant concentrations, these regions will also 
have a greater percentage drop In resistivity than those regions with low 
crystalline order. A hypothetical plot of resistance per unit length as a 
function of distance down the fiber Is shown In figure 5(a) for a fiber 
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of arbitrarily varying crystalline order. Those places where the crystalline 
order Is better than average should (as shown qualitatively) produce Inter- 
calated reslstlvltes lower than the average and vice versa. Thus the effect 
of Intercalation would be to exaggerate the deviations from the mean. Figures 
5(b) through 5(d) show data from actual fibers. The variation of the resis- 
tance per unit length from the mean along the length of the fibers Is not con- 
slstant with the proposed model. In fact, the variation from the mean of the 
resistance per unit length along the fiber Is less than 5 percent, which Is 
comparable to the probable error of the length measurement. Thus, the resis- 
tance of the fibers does not vary macroscoplcal ly more than 5 percent along 
the length of the fibers. 

Diameter measurements along the length both pristine and bromine Inter- 
calater fibers were also performed with a scanning eTectron microscope. Pieces 
about 5 mm In length were cut from both ends of fibers which were from 5 to 
7 cm In length. The diameters were measured In a scanning electron microscope 
at 5000x and compared. The results Indicate that both the pristine and bro- 
mine Intercalated fiber diameters were constant to w'thln 1.4 percent along 
their lengths. Thus, taken along with the resistance measurements. It can be 
slated that within 5 percent the reslsltlvlty of a single fiber Is constant 
over at least 7 cm lengths. This suggests that both pristine and bromine 
Intercalated P-100 fibers are homogeneous on a macroscopic scale, an Important 
consideration for bulk fiber usage, though It does not shed light on possible 
microscopic Inhomogeneities . 

The distribution of the mass densities of pristine and bromine Inter- 
calated fibers Is shown In fljure 6. The mean mass density of the pristine 
fibers Is 1.99±0.13 g/cm 3 , and upon bromine Intercalation that Increases to 
2.10±0.10 g/cm 3 . The error In the density measurement Is less than 0.05 
g/cm 3 . This Implies a bromine Intercalated fiber density of 1.06 times the 
pristine fiber density. Taken with the diameter expansion data, bromine makes 
up about 13 percent by weight, and 2 percent by stoichiometric composition of 
the Intercalated fiber. Gravimetric experiments where gram quantities of 
P-100 fibers were Intercalated with bromine were conslstant with these results 
(ref. 9). 

Both pristine fiber density and pristine fiber diameter were also examined 
as predictors of bromine Intercalated fiber resistivity values. If pristine 
density correlates with the drop of the resistivity upon bromine Intercalation, 
then those fibers with anomalous densities may be weeded out before the Inter- 
calation process begins. If pristine fiber diameter correlates with the drop 
resistivity upon bromine Intercalation, then fibers of a diameter greater or 
less than the 10 ym fibers used In this study might have a considerable 
advantage. 

The plot showing the Influence of pristine fiber density on resistivity 
ratio Is shown In figure 7. There Is no meaningful correlation between these 
two variables (correlation coefficient = 0.03). There Is also no correlation 
between pristine fiber density and either pristine or bromine Intercalated 
fiber reslsltlvlty. Nor Is there correlation between Intercalated fiber 
density and pristine or Intercalated fiber resistivity. 

The plot of pristine fiber resistivity versus pristine fiber diameter 
(fig. 8) shows only very weak correlation, (correlation coefficient = 0.20). 
However, there Is a stronger correlation (coefficient = 0.34, or to a 


98 percent confidence level) between bromine Intercalated fiber diameter and 
bromine Intercalated fiber resistivity (fig. 9) The slope of the least 
squares line Is -2.79 yQ-cm/ym, Implying that the fiber resistivity will 
decrease by 1 yfl-cm for every Increase of 0.36 ym In fiber diameter. Figure 
10 shows the restlvlty ratio as a function of pristine fiber dlame.er. The 
least squares line has a slope of 0.16 ynr 1 with correlation coefficient of 
0.31. The correlation Implies that the decrease of resistivity with Increas- 
ing fiber diameter Is a result of the intercalation process Itself, and not 
merely a consequence of the Increasing fiber diameter. 

When the fiber expansion (diameter bromine Intercalated/dlameter pristine) 
Is plotted against resistivity ratio, the trend Is towards Increasing resis- 
tivity ratio with decreasing expansion (fig. 11). The least squares line has 
a slope of -0.08 with a correlation coefficient of -0.83. This Is the oppo- 
site of what might first be expected. The suspicion Is that fibers which 
expanded more did not do so because they contain more Intercalant, but because 
ti.ey contain more structural disruptions. 

There are at least two reports In the literature of a diameter dependance 
In graphite fibers. Tahar et. al. (ref. 10) report seeing a diameter depend- 
ance on the resistivity of pristine benzene derived fibers. They found that 
the r es1s1t1 vlty decreases with fiber diameter for fiber diameters less than 
6 ym, but did riot show data for Intercalated fibers. Hambourger et al. (ref. 
11), showed no diameter dependance on resistivity with pristine natural gas 
derived fibers, but the smallest fibers used had a diameter of 20 ym. Upon 
Intercalation, those fibers with smaller diameters were found co have lower 
resistivities, contrary to the results reported herein. 

These results can be explained In terms of the structure of the fiber. 

Both Tahar et al. and Hambourger et al. used vapor grown fibers that have the 
carbon planes arranged In concentric circles, like the growth rings of a tree 
(fig. 12). The result Is larger crystallite sizes In the regions of larger 
diameter. Thus, larger fibers are made up of larger crystallites, and so are 
better conductors. When these fibers are Intercalated, the Intercalant must 
diffuse through the layers to the center, hence the middle of the fiber may 
not be fully Intercalated. Alternately, when current Is applied to the skin 
of the fiber, because of the poor conduction In the "c" plane, which Is empha- 
sized upon Intercalation with acceptor compounds, the charge may not travel 
through the center portion of the fiber. This would also result In a reduc- 
tion of the resistivity with Increasing diameter. 

The P-10C fibers, however, have the planes arranged like the spokes of 
wheel (fig. 13). Neither of the above effects would be present because con- 
duction to the middle of the fiber would be facilitated by the geometry of the 
planes. Intercalation of bromine to the center of these fibers has been shown 
to be com- plete (ref. 12) with some depletion from the edges, similar to H0PG 
(ref. 13). If the depletion zone Is Independent of fiber size (about 2 to 
3 ym from the outer wall of the fiber), then there would be a smaller percent- 
age decrease for larger fibers, and that could account for the decrease In 
resistivity with Increasing fiber size. 


CONCLUSIONS 

The homogeneity of the diameter, resistivity, and mass density of 
graphite fibers were measured before and after bromine Intercalation. The 
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results a^e slmmarlzed In table II. Both the pristine and the bromine Inter- 
calated fibers were \ ound to he homogeneous to within 10 percent for all the 
measured properties. The process of bromine Intercalation did not appear to 
affect the degree of Homogeneity of the fibers. It Is suspected that while 
much of the r es1st1vUy variation reported In the literature Is due to errors 
In diameter and length measurements, there are still real Inhomogeneities 
between f bers on the order of 10 percent. The homogeneity Is probably also a 
function of both the Intercelant and the host fiber, so It Is not clear how 
far these results may be generalized. Although the resistivity of pristine 
P-1 00 fibers Is Independant of fiber diameter, the resistivity ratio of the 
Intercalated fibers decreased as their diameter Increased at a rate of 

0.16 pm-1 . While this behavior Is different from that exhibited by vapor 
grown fibers, it can be explained In terms of the structure of the P-100 
fibers. The ratio of pristine to bromine Intercalated fiber diameter 
decrease'' wUli Increasing ratio of Intercalated alameter to pristine diameter 
at a rate of 0.06. This can be explained If the Increased expansion of the 
bromine Intercalated fibers 

Is being caused by Increased lattice disruption. 
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TABLE I. - VARIATION OF ELECTRON 
MICROSCOPE MAGNIFICATION 


Date 

Nominal 

Minimum 

Maximum 

9-17 

3000x 

3070x 

3260x 

10-1 

5000x 

4870x 

5070x 

1G-10 

2000x 

21 30x 

2320x 


5000x 

4900x 

5460x 

10-24 

2000x 

21 30x 

2390x 


5000x 

4970x 

5410x 

11-6 

5000x 

4630x 

51 50x 

1-10 

j 

5000x 

4540x 

491 Ox 


TABLE II. - SUMMARY OF PRISTINE AND BROMINE INTERCALATED 
GRAPHITE FIBER PROPERTIES 


Property 

Pristine value 

Intercalated value 

Diameter 

9.14 ± 0.68 ym (7*) 

9.52 ± 0.79 ym (8%) 

Resistivity 

2.53 ± 28 yfl-cm (11%) 

52.0 ± 5.2 yfi-cm (10%) 

Mass density 

1 .99 + 0.13 g/cm 3 (7%) 

2.10 ± 0.10 g/cm 3 (5%) 

Resistivity variation 
along fiber length 

<5% 

<5% 

Diameter variation 
along fiber length 

<1.4% 

<1 .4% 
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Figure 6. - The distribution ol Pristine jnd Bromine intercalated P-1K) fiber mass 
densities. 




Figure 7. - The resistivity ratio pristine^ bromine inter- 
calated) ol p ' 100 ,ibers 3i 3 ,unction ol Pristine fiber mass 
density. 



PRISTINE FIBER DIAMETER , pm 

Figure K. - Resistivity as a lunction ol diameter lor Pristine P-100 libers. 
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Figure 11. - The expansion of the fiber upon inter- 
calation Wijeomine intercalated^ pristine 1 dS a 
function of resistivity ratio (p prjs(jne /p bromine 
intercala'ed). 



Figure 12. - Scanning electron micrograph of an organic vapor grown graphite fiber. 
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Figure 13. • Scanning electron micrograph of a P-100 graphite liber. 
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